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SUMMARY 

The longitudinal and lateral-directional aerodynamic characteristics for 
two Mach 5 cruise aircraft concepts have been determined for test Mach numbers 
of 2.96, 3.96, and 4.63. The test articles consisted of a fuselage with len- 
ticular cross section, two geometrically similar wings, one set of horizontal 
tails sized for each wing, a wedge-center vertical tail, a set of fuselage- 
mounted twin vertical tails, a flow-through body-mounted nacelle, and a set of 
flow-through wing-mounted nacelles. Estimates from hypersonic impact theory 
and first-order supersonic linearized theory were compared with data to indicate 
the usefulness of these methods. The method which applied tangent-cone empir- 
ical theory to the body and tangent-wedge theory to the wings and to the hori- 
zontal and vertical tails provided the best estimates. Comparisons for the 
configuration buildup showed, however, that the estimates for the various com- 
ponents could be significantly different from the data. The tangent-cone empir- 
ical theory applied to all components showed consistently poor agreement with 
data, and the linear theory estimates were accurate only for lift coefficient 
and drag coefficient at low angles of attack. 

INTRODUCTION 

Many past investigations in the hypersonic speed regime have focused on 
transports designed to cruise at Mach 6 to 8 (e.g., refs. 1 and 2 ) .  Liquid 
hydrogen is an attractive fuel for these transports primarily because its high 
energy content results in a greatly improved range compared with that of JP- 
fueled aircraft of the same gross weight. The high temperatures of this hyper- 
sonic flight regime preclude the use of conventional aluminum or titanium struc- 
tures unless the maximum temperature in the load-carrying members can somehow be 
limited. Reference 1 discusses the merits of an actively cooled structure in 
relation to shielded or insulated structures for the long-duration heat loads 
typical of Mach 8 cruise. Although active cooling of the airframe may not be 
necessary, the engine will almost certainly require a circulating coolant 
because of the extremely high temperature in the combustor. The most efficient 
propulsion concept for cruise has been identified as the Supersonic combustion 
ramjet fueled by liquid hydrogen (ref. 2). This concept would also operate in 
the subsonic combustion mode at off-design speeds. In addition, a turbine 
engine is required for subsonic-supersonic flight. The efficient integration 
of the turbine with the ramjet and with the airframe is one of the most diffi- 
cult problems of hypersonic flight. 

Recent studies have indicated that at somewhat lower cruise speeds (M = 5) ,  
considerable vehicle design simplification is possible. One report (ref. 3) 
showed the feasibility of shielded and insulated structural concepts for liquid- 
hydrogen-fueled aircraft at a design speed of Mach 5. An important advantage of 
hot or insulated structures over an actively cooled structure is that the integ- 
rity of the airframe is not dependent on a mechanical system. At the lower 
cruise speed, the engine design is also simplified, since the supersonic combus- 



tion mode of the ramjet is not necessary. Another study (ref. 4) indicated a 
significant reduction in airframe weight for constant range when JP fuel is 
stored in the wings of a liquid-hydrogen-fueled aircraft and burned in the tur- 
bojet. Therefore, several concepts for long-range cruise flight at Mach 5 have 
evolved. This report discusses an investigation of two of these concepts. 

In order to establish the credibility of the performance estimates, the 
aerodynamics of the concepts must be verified experimentally. The difficulty of 
testing nacelle configurations which accurately simulate the spillage, exhaust 
pressure ratios, and exhaust plume effects of a propulsion system is well known. 
Therefore, because of the preliminary nature of this experiment, the test model 
nacelles simulated only the external lines of the study nacelles. Also, the 
nacelle ducts did not contract or expand. 

The purpose of this investigation was to initiate an experimental data base 
for Mach 5 cruise aircraft concepts. A second objective was to compare appro- 
priate analysis methods with the test data. Hypersonic impact theory and super- 
sonic linearized theory were chosen for the comparison since both could be 
effective between Mach 3 and Mach 5. The tests were conducted in the Langley 
Unitary Plan Wind Tunnel at Mach numbers of 2.96, 3.96, and 4.63. Longitudinal 
and lateral force and mment data were obtained over an angle-of-attack range 
of -4O to 20° at a Reynolds number of 6.6 x lo6 per meter (2.0 x lo6 per foot). 

SYMBOLS 

The longitudinal characteristics are presented about the stability-axis 
system and the lateral-directional characteristics are presented about the 
body-axis system. The moment reference point was at a longitudinal station 
61.4 percent of the fuselage length and at a vertical location 1.7 percent of 
the fuselage length above the reference line. Measurements and calculations 
were made in the U.S. Customary Units. They are presented herein in SI Units 
and in U.S. Customary Units. 

b wing span, cm (in.) 

CD drag coefficient, Drag/qS 

cD,o zero-lift drag coefficient 

X D  - drag-due- to-lif t parameter 
XL2 

CL lift coefficient, Lift/qS 

CL,o lift coefficient at c1 = 00 

lift-curve slope, &,/act at CL = 0, deg-l 

C1 rolling-moment coefficient, Rolling moment/qSb 
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Cm 

Cm, o 

Cn 

Cp , vac 

CY 

L/D 

2 

M 

q 

r 

S 

- C1~,30 CZB=OO 
change of C1 with angle of sideslip, , deg-l 

3 

- '26 V =50 C16,=00 
change of Ci with vertical-tail deflection, I 

deg-l 5 

pitching-moment coefficient, Pitching moment/qSl 

pitching moment at CL = 0 

static margin at Cm = 0 

yawing-moment coefficient, Yawing moment/qSb 

B=30 - cn B=OO 
Cn 

change of Cn with angle of sideslip, , deg-l 
3 

Cngv=50 - Cn6 =oo 
V 

change of Cn with vertical tail deflection, I 

deg-l 5 

2 
vacuum pressure coefficient, - - 

YM,2 

side-force coefficient, Side force/qS 

- CYB,~O CYB,~O 
change of CY with angle of sideslip, , deg-l 

3 

- Cy6 -50 CY& =OO 
V- V 

change of Cy with vertical tail deflection, 1 

deg-l 5 

lif t-drag ratio 

body length, 78.92 cm (31.07 in.) 

Mach number 

dynamic pressure, Pa (psia) 

fuselage cross-sectional radius, cm (in.) (see table 11) 

reference area, cm2 (in21 
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X axial distance along fuselage centerline from the nose, cm (in.) 
(see table 11) 

Y spanwise distance from plane of symmetry, cm (in.) (see table 11) 

z vertical distance from reference line, cm (in.) (see table I1 and 
fig. 2(a)) 

c1 angle of attack, deg 

B sideslip angle, deg 

Y ratio of specific heats (1.4 for air) 

6 h  horizontal-tail deflection, deg 

vertical-tail deflection, deg 

toe-in angle of twin vertical tails, deg 

6 V  

6, 
Subscripts : 

max maximum 

t trim 

m free- str eam conditions 

Model nomenclature: 

B body 

H1 

H2 

horizontal tails sized for W1 

horizontal tails sized for W2 

N1 wing-mounted flow-through nacelle for W1 

N2 

VC center vertical tail 

body-mounted flow-through nacelle for w2 

VS body-mounted twin vertical tails 

Wl large wing 

w2 sma 1.1 wi ng 
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I 

9 7 . 6  
173 .7  
236 .6  

MODEL DESCRIPTION 

2039 
3627 
4941 

Photographs of the stainless steel wind tunnel models of the two study con- 
cepts investigated in this report are shown in figure 1 .  Important geometric 
characteristics of the various model parts are listed in table I, and a complete 
description of the model fuselage is contained in table 11. The fuselage is 

lenticular through body station - = 0 . 7 3  but aft of that point, a flat surface 

is imposed between the upper and lower surface circular arcs. The location of 
the flat surface, which begins near the intersection of the wing trailing edge 
and the fuselage, can be seen in figure 2 .  The large wing (W1) airfoil has a 
circular arc upper surface and a flat lower surface. The small wing (W2) air- 
foil and the horizontal-tail airfoils are symmetric circular arcs. The airfoil 
of the twin vertical tails is flat on the outboard surface and circular arc on 
the inboard surface. The maximum thickness location of the above-mentioned 
wings and tails is at 50 percent of the local chord. 

X 

1 

6 . 6  x l o 6  
6 . 6  
6 . 6  

The fuselage-mounted twin vertical tails were constructed in order to com- 
pare the effectiveness of this arrangement with the more conventional wedge 
center vertical tail. The twin vertical tails were designed by the tangent- 
wedge impact theory to provide the same directional stability as the wedge 
center vertical tail at M = 5 and a = Oo. This simple design process indi- 
cated that a toe-in angle of l o  was desirable, and changes to the toe-in angle 
are referenced to this baseline position. The vertical tails as well as the 
horizontal tails are all-moving. The vertical-tail hinge lines are labeled in 
figure 2 .  The horizontal-tail hinge lines are coincident with the fuselage-tail 
intersection chords. 

2 . 0  x l o 6  
2 . 0  
2 . 0  

TEST CONDITIONS 

Tests were conducted in the Langley Unitary Plan Wind Tunnel at Mach num- 
bers of 2 . 9 6 ,  3 . 9 6 ,  and 4 . 6 3 .  The tests were conducted under the following 
conditions : 

Mach 
number 

2 . 9 6  
3 .96  
4 . 6 3  

Stagnation 
pressure 

kPa I lb/ft2 

. .  

Stagnation 
temperature 

K I OR 
325 339 
339 

- -  

Reynolds 
number 

per meter 1 per foot 

To insure fully turbulent boundary-layer flow over the model, transition 
inducing strips of No. 35 sand grit (ref. 5 )  were applied 1 . 0 2  cm (measured 
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streamwise) behind the leading edge of all wings, vertical and horizontal tails, 
and nacelles including the nacelle ducts. These strips were also applied to 
the body 3.05 cm aft of the nose. 

Forces and moments on the model were measured by means of a six-component 
strain gage balance contained within the model. 
through a supporting sting to the permanent model actuating system in the wind 
tunnel. Two balance cavity pressure measurements were made throughout the test 
program and the average of the two cavity pressures was applied to the model 
base area to correct the axial force to a condition of free-stream static pres- 
sure on the base. The angle of attack ranged from -4O to 20° at Oo and 3O side- 
slip. The angle of attack was corrected for tunnel airflow misalignment and for 
deflection of the sting and balance under load. No correction was made for the 
internal flow in the nacelle ducts. 

The balance was connected 

PRESENTATION OF RESULTS 

The results of this investigation are shown in the following figures: 

Figure 

Longitudinal aerodynamic characteristics for the configuration buildup . . 3 

Effect of horizontal-tail deflection on the longitudinal aerodynamic 
characteristics of the BW1H1VC configuration . . . . . . . . . . . . . .  4 

Comparison of the BWlHlVC and the BW2H2V' configurations . . . . . . . . .  5 
Nacelle increments for the fuselage and wing-mounted nacelles . . . . . .  6 
Summary drag data for: 
Configuration buildup . . . . . . . . . . . . . . . . . . . . . . . . .  7 

Nacelle-on and nacelle-off configurations . . . . . . . . . . . . . . .  9 BWIHIVC and B W ~ H ~ V C  configurations . . . . . . . . . . . . . . . . . . .  8 

Lateral-directional characteristics for: 
Configuration buildup . . . . . . . . . . . . . . . . . . . . . . . . .  10 
BW1H1VC and B W ~ H ~ V C  configurations . . . . . . . . . . . . . . . . . . .  1 1  
BW1HlVC and BW1H1VS configurations . . . . . . . . . . . . . . . . . . .  12 

Yaw control for the BW1H1VC and BWlHlVS configurations . . . . . . . . . .  13 
Theoretical drag polar construction . . . . . . . . . . . . . . . . . . .  14 
Computer-generated drawing of the BW1H1VC configuration . . . . . . . . .  15 
Comparison of theoretical and experimental longitudinal aerodynamic 
parameters for: 
B configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 
BW1 configuration . . . . . . . . . . . . . . . . . . . . . . . . . . .  17 
BW1H1 configuration . . . . . . . . . . . . . . . . . . . . . . . . . .  18 
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Figure 

BWIHIVC configuration . . . . . . . . . . . . . . . . . . . . . . . . .  19 
BWIHIVC, 6h = -100 configuration . . . . . . . . . . . . . . . . . . .  20 
BWlHlVC, 6h = -200 configuration . . . . . . . . . . . . . . . . . . .  21 

Comparison of theoretical and experimental characteristics: 
Lift-curve slope with Mach number . . . . . . . . . . . . . . . . . . .  22 
Static margin with Mach number . . . . . . . . . . . . . . . . . . . . .  23 
Zero-lift drag coefficient with Mach number . . . . . . . . . . . . . .  24 
Maximum lift-drag ratio with Mach number . . . . . . . . . . . . . . . .  25 
Trim parameters for the BW1HlVC configuration . . . . . . . . . . . . .  26 

Comparison of theoretical and experimental lateral-directional 
aerodynamic parameters for: 
B configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 
BW1 configuration . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 
BW1H1 configuration . . . . . . . . . . . . . . . . . . . . . . . . . .  29 
BWlHlVC configuration . . . . . . . . . . . . . . . . . . . . . . . . .  30 

Evaluation of supersonic linearized theory for the BWlH1VC 
configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31 

Actual and equivalent circular fuselage planforms for the BW1H1VC 
configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

DISCUSSION 

Experimental Results 

Longitudinal aerodynamic characteristics.- In figure 3 ,  the static longi- 
tudinal aerodynamic character istics for the BWlHlVC configuration buildup are 
presented. The trends of the buildup are as expected: increased 

increased planform area, the occurrence of longitudinal stability with the addi- 
tion of the wing, increased stability with addition of aft lifting area, 
increased CD,o for each added component, greatly increased (L/D)max with the 
addition of the wing, and decreased (L/D)-,41ax with subsequent component addi- 
tions. The trends with increasing Mach number are also as anticipated in this 
Mach number range: decreased C decreased longitudinal stability, decreased 

CD,~, decreased (L/D)max, and increased aC,/aCL2. The magnitudes of Cm,O 
and C L , ~  

with cLc, 

La 

are small because of the relatively flat mean camber surface. 

Figure 4 presents horizontal-tail deflections for the BW1H1VC configura- 
tion, and figure 5 is a comparison of the BWIHIVC and B W ~ H ~ V C  configurations. 
The coefficients of each concept are based on its respective wing area. Fig- 
ure 6 shows the effects of the nacelles on their respective nacelle-off config- 
urations. The coefficients are based on the reference area of W1. 
components not needed to support the nacelles physically were removed in order 
to provide nacelle increments with the minimum amount of interference. Note 

Model 
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the large effect of N1 on the lift and pitching-moment coefficients in addition 
to the expected increase in drag coefficient. This effect is due to the lifting 
area included in this nacelle concept (see fig. 2). Figures 7 ,  8, and 9 show 
CD,o and (L/D)max vs M of the configuration buildup, the BWlHlVC and B W ~ H ~ V C  
configurations, and the nacelle configurations, respectively. Note that B W ~ H ~ V C  
attains a value of that is approximately one-half unit less than that 
of BW1H1VC (see fig. 8). 

(L/D)max 

Lateral-directional aerodynamic characteristics.- The lateral-directional 
characteristics for the configuration buildup are shown in figure 10. The wing 
and horizontal tail create small directionally stabilizing moments throughout 
the M and 01 range, but small laterally destabilizing moments below c1 = 8O. 
The center vertical tail provides lateral and directional stability throughout 
the M and 01 range. In figure 11, the effect of wing span on the lateral- 
directional characteristics is shown. 
reference area and span of W2 and also on the reference area and span of W1. 
anticipated, the 28-percent reduction in wing span did not have a large effect 
on the dimensional lateral-directional characteristics. 

The B W ~ H ~ V C  data plotted are based on the 
As 

Figure 12 compares a set of fuselage-mounted twin vertical tails with a 
wedge center vertical tail. The twin vertical tails were tested in the nominal 
position ( l o  toe-in) and with each tail toed in an additional 5O. The main 
benefit of the twin tail arrangement is a more constant level of directional 
stability across the c1 range, although the 6, = 5O case did not differ sig- 
nificantly in lateral-directional characteristics from the nominal twin 
vertical-tail arrangement. The center vertical tail is more effective than the 
twin vertical tails at low 01, but the body-generated expansion field increas- 
ingly dominates the flow around the center vertical tail for increasing a; a 
loss of directional stability consequently results. Figure 7 shows the center 
vertical tail to have a slightly greater 
M = 2.96 and 3.96, but the C D , ~  penalty vanishes at M = 4.63.. However, the 
(L/D)max 
cates that the outward canted twin vertical tails provide an increment in lift 
and drag due to lift to the BW1H1 configuration. The lateral-directional char- 
acteristics caused by a vertical-tail deflection of 5O are shown in figure 13 
for both twin vertical tail (the leading edge of both tails deflected in the 
same direction) and center vertical-tail arrangements, The magnitudes of the 
derivatives are approximately equal for both vertical-tail arrangements. 

C D , ~  than the twin vertical tails at 

of BWlHlVC approximately equals or exceeds that of BWIHIVS which indi- 

Theoretical Methods 

The integrated supersonic linear-theory analysis code identified as the 
Boeing program (refs. 6, 7, and 8) was selected for comparison with data. This 
program is based on the technology developed at the Langley Research Center 
(LaRC) (refs. 9 and 10) combined with the Sommer and Short skin friction method 
(ref. 11); the Boeing program however, contains several useful extensions of 
the basic methods. Some of the extensions are addition of a near-field (thick- 
ness pressure) wave drag program, an improved lift analysis program which pro- 
vides for separate modeling of fuselage lift, and the addition of expansion 
pressure limiting to constrain the linear theory solution. The following Boeing 
program options were selected for the BW1H1 lift analysis: the effect of the 
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f u s e l a g e  upwash f i e l d  on t h e  wing and h o r i z o n t a l  t a i l s ,  t h e  effect  of wing 
downwash on t h e  f u s e l a g e  and h o r i z o n t a l  t a i l s ,  t h e  asymmetric body volume term, 
and t h e  smoothing-as-computed p r e s s u r e s .  I n  a d d i t i o n ,  t h e  l i n e a r  t heo ry  r e s u l t s  
p r e s e n t e d  i n  t h e  body of t h i s  paper  are c o n s t r a i n e d  to  an  upper s u r f a c e  p r e s s u r e  
l i m i t  of 0.7 vacuum p r e s s u r e  c o e f f i c i e n t .  T h i s  c o n s t r a i n t  accoun t s  f o r  t h e  non- 
l i n e a r i t y  of t h e  CL and Cm estimates. The l i n e a r  t heo ry  d rag  polar con- 
s t r u c t i o n  is i l l u s t r a t e d  i n  f i g u r e  1 4 ( a ) .  A more thorough d i s c u s s i o n  o f  l i n e a r  
t heo ry  methods is inc luded  i n  t h e  appendix.  

Two impact theories found i n  r e f e r e n c e s  12 and 13 are also eva lua ted .  The 
tangent-cone empirical t h e o r y  is a p p l i e d  to  a l l  c o n f i g u r a t i o n  components and 
compared wi th  d a t a .  The tangent-cone empirical c a l c u l a t i o n  i n  r e f e r e n c e s  12 
and 13  has  been s i g n i f i c a n t l y  improved by C. L. W. Edwards o f  LaRC (see appen- 
d i x  of ref.  14)  and h a s  been s u b s t i t u t e d  i n t o  t h e  computer code. Furthermore,  
t h e  tangent-cone empirical t h e o r y  is applied t o  t h e  f u s e l a g e ;  t h e  tangent -  
wedge t h e o r y  is applied to  t h e  wing, h o r i z o n t a l  t a i l ,  and v e r t i c a l  t a i l ;  and 
t h e  summation is compared wi th  d a t a .  Expansion f i e l d s  are c a l c u l a t e d  by t h e  
Prandtl-Meyer theo ry  wi th  t h e  minimum expansion l imi t ed  to 0.7 vacuum pressure 
c o e f f i c i e n t .  The s k i n  f r i c t i o n  c a l c u l a t i o n  is t h a t  of Spald ing  and Chi  
( ref .  1 5 ) ,  which is inc luded  i n  t h e  computer program of  r e f e r e n c e s  12 and 13. 
The hypersonic  impact theo ry  d rag  polar is shown i n  f i g u r e  1 4 ( b ) .  The numer ica l  
r e p r e s e n t a t i o n  of t h e  wind t u n n e l  model geometry w a s  s p e c i f i e d  acco rd ing  to  t h e  
method of  r e f e r e n c e  16 and a d d i t i o n a l  coding is a v a i l a b l e  to t r a n s l a t e  t h e  sur -  
f a c e  geometry to  t h e  a p p r o p r i a t e  i n p u t  format f o r  each  particular computer pro- 
gram. A computer-generated three-view drawing from t h e  program of  r e f e r e n c e  16 
for t h e  BW1H1VC c o n f i g u r a t i o n  is shown i n  f i g u r e  15. 

COMPARISON OF DATA WITH THEORY 

Long i tud ina l  Character is t ics  

F i g u r e s  16 to  19 compare c o n f i g u r a t i o n  b u i l d u p  data w i t h  tangent-cone 
theo ry  and w i t h  tangent-cone/tangent-wedge theory .  A l s o ,  t h e  s u p e r s o n i c  l i n -  
e a r i z e d  theo ry  is shown i n  f i g u r e  19 f o r  comparison w i t h  BW1H1VC. 

F i g u r e  16 shows t h a t  t h e  tangent-cone theo ry  inadequa te ly  p r e d i c t s  t h e  
body-alone c h a r a c t e r i s t i c s .  For a > 4O, t h e  l i f t  and d r a g  are o v e r p r e d i c t e d ;  
t h i s  c o n d i t i o n  probably  r e s u l t s  from pressure b leed  around t h e  edge of t h e  
body. A t  M = 4.63, t h e  tangent-cone estimate improves v i s i b l y ,  which is an  
i n d i c a t i o n  t h a t  t h e  f l o w  more n e a r l y  satisfies impact t h e o r y  assumptions.  I t  
might be presumed t h a t  t h e  s l e n d e r n e s s  and nonconica l  aspects of t h e  body con- 
t r i b u t e  to  t h e  inaccuracy  of t h e  tangent-cone estimate. 

The tangent-cone p r e d i c t i o n s  of t h e  BW1, B W l H l ,  and BWlHlVC aerodynamics 
( f i g s .  17 ,  18,  and 19)  are also r a t h e r  poor, b u t  t h e  error o c c u r s  i n  t h e  oppo- 
s i te  d i r e c t i o n  from t h a t  of t h e  B estimate. I t  can be i n f e r r e d  from t h e s e  com- 
p a r i s o n s  t h a t  t h e  tangent-cone p r e s s u r e s  on t h e  r e l a t i v e l y  f l a t  l i f t i n g  s u r f a c e s  
are much lower than  t h e  a c t u a l  compression p r e s s u r e s  on t h e s e  s u r f a c e s .  The 
tangent-wedge estimate for t h e  wing, when added to t h e  tangent-cone estimate for 
t h e  body, produces good r e s u l t s .  T h i s  same t r e n d  h o l d s  f o r  t h e  rest of t h e  con- 
f i g u r a t i o n  bu i ldup  ( f i g s .  18 and 1 9 ) .  The tangent-wedge p r e s s u r e s ,  which are 
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g r e a t e r  than  t h o s e  f o r  t h e  tangent-cone f o r  e q u i v a l e n t  c o n d i t i o n s ,  also seem to  
be somewhat less than  t h e  actual pressures, s i n c e  t h e  l a r g e  o v e r p r e d i c t i o n s  from 
tangent-cone theo ry  for t h e  body are n o t  main ta ined  wi th  component a d d i t i o n s .  

The l i n e a r  t heo ry  estimates p resen ted  i n  f i g u r e  19 are g e n e r a l l y  poor,  
e s p e c i a l l y  a t  t h e  h igh  a n g l e s  of  a t tack where t h e  s m a l l  a n g l e  and small d i s t u r -  
bance assumptions are n o t  v a l i d .  The u s e  of  upper s u r f a c e  pressure l i m i t i n g  
r e s u l t e d  i n  s i g n i f i c a n t  deg rada t ion  i n  t h e  agreement of d a t a  wi th  theo ry  (see 
appendix) .  The n o n l i n e a r i t y  of t h e  CL and Cm estimates resul ts  from upper 
s u r f a c e  p r e s s u r e  l i m i t i n g .  S ince  t h e  upper s u r f a c e  pressures are c o n s t r a i n e d  to  
p h y s i c a l  r ea l i sm,  t h e  error i n  t h e  l i n e a r  t heo ry  estimates seems to resul t  from 
underes t imat ion  of  compression s u r f a c e  pressures. Suppor t ing  ev idence  f o r  t h i s  
s t a t emen t  can be found i n  r e fe rence  17,  which p r e s e n t s  s ta t ic  p r e s s u r e  d a t a  and 
supe r son ic  l i n e a r  t heo ry  estimates for s e v e r a l  d e l t a  wings a t  high supe r son ic  
Mach numbers. 

F igu res  20 and 21 p r e s e n t  d a t a  and estimates from supe r son ic  l i n e a r  t heo ry  
and t h e  tangent-cone/tangent-wedge a n a l y s i s  f o r  h o r i z o n t a l - t a i l  d e f l e c t i o n s  of 
- loo  and -20°, r e s p e c t i v e l y .  The comments f o r  f i g u r e  19 apply  t o  t h e s e  f i g u r e s  
as w e l l ,  excep t  t h a t  t h e  agreement wi th  t h e  tangent-cone/tangent-wedge predic-  
t i o n  is v i s i b l y  degraded f o r  t h e  -20° case. F i g u r e s  22 to 25 are summary com- 
pa r i son  p l o t s  f o r  t h e  c o n f i g u r a t i o n  bui ldup.  These f i g u r e s  tend  to  confirm t h e  
s u p e r i o r i t y  of t h e  tangent-cone/tangent-wedge estimates over  those  ob ta ined  from 
tangent-cone and supe r son ic  l inear  theo ry ,  a l though t h e  tangent-cone/tangent- 
wedge method m u s t  be used wi th  c a u t i o n  f o r  any l e v e l  of a n a l y s i s  beyond p re l imi -  
nary  des ign .  I t  should  be noted t h a t  t h e  v a l u e  of t h e  s k i n  f r i c t i o n  drag  
ob ta ined  from Spalding-Chi ( r e f .  15)  is g r e a t e r  than  t h a t  ob ta ined  from Sommer 
and S h o r t  (ref. l l ) ,  t h e  d i s p a r i t y  i n c r e a s i n g  wi th  i n c r e a s i n g  Mach number. Sub- 
s t i t u t i o n  of t h e  Spalding-Chi s k i n  f r i c t i o n  va lue  f o r  t h e  Sommer and S h o r t  va lue  
i n  t h e  l i n e a r  t heo ry  a n a l y s i s  would improve t h e  l i n e a r  t heo ry  estimates of C D , ~  
and (LDImax- 

F igu re  26 compares d a t a  and theo ry  t r i m  parameters. The tangent-cone/ 
tangent-wedge a n a l y s i s  p r e d i c t s  t h a t  h o r i z o n t a l - t a i l  d e f l e c t i o n  w i l l  p rovide  
a much wider range of  trimmable CL than  t h e  d a t a  sugges t .  The l i n e a r  theory  
t r e n d  is f o r  a smaller than  ac tua l  trimmable CL range and f o r  lower values  
of CL a t  t h e  same h o r i z o n t a l - t a i l  d e f l e c t i o n .  The d iscrepancy  between d a t a  
and estimate is g r e a t e s t  f o r  t h e  -20° case, where t h e  p o s s i b i l i t y  of s epa ra t ed  
f low on t h e  h o r i z o n t a l  t a i l  is q u i t e  l i k e l y .  

L a t e r a l - D i r e c t i o n a l  C h a r a c t e r i s t i c s  

F igu res  27 to  30 show comparisons of l a t e r a l - d i r e c t i o n a l  d a t a  and impact 
theory  f o r  t h e  c o n f i g u r a t i o n  bui ldup.  Gene ra l ly ,  t h e  proper s i g n  of  t h e  param- 
eter is p r e d i c t e d ,  b u t  t h e  magnitudes are seldom correct. The error i n  t h e  
estimate t ends  to  dec rease  wi th  i n c r e a s i n g  Mach number. N o t e  t h a t  t h e  theo re t -  
ical  cu rves  for BW1 and BWlHl ( f i g s .  28 and 29) are c o i n c i d e n t ,  s i n c e  n e i t h e r  
t h e  wing nor t h e  h o r i z o n t a l - t a i l  c o n t r i b u t e s  s i g n i f i c a n t l y  to  t h e  l a te ra l -  
d i r e c t i o n a l  c h a r a c t e r i s t i c s .  As can be seen  by comparing f i g u r e s  27 and 28, 
t h e  a d d i t i o n  of  t h e  wing creates no change i n  t h e  p r e d i c t e d  Cn ; t h e  expe r i -  
mental  d a t a ,  however, show t h a t  t h e  wing produces a direct ional!?y s t a b i l i z i n g  
moment and a l a t e r a l l y  s t a b i l i z i n g  moment a t  a n g l e s  of a t tack g r e a t e r  than  8O. 
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The effect of the wing is artifically reduced in the impact analysis because 
each element is assumed to act independently in free-stream flow; i.e., no 
interference effects are computed. For the BW1HlVC configuration the two impact 
theory estimates show large differences with each other. For all three Mach 
numbers, the tangent-cone/tangent-wedge estimate at a = Oo corresponds to the 
data although the agreement is not maintained with increasing a. This error at 
the higher angles of attack results because the impact theory analysis does not 
account for the body-generated expansion field which engulfs the vertical tail 
and reduces its effectiveness. 

CONCLUSIONS 

The longitudinal and lateral-directional aerodynamic characteristics for 
two Mach 5 cruise aircraft concepts have been determined for test Mach numbers 
of 2.96, 3.96, and 4.63. The model components consisted of a fuselage with 
lenticular cross section, two geometrically similar wings, one set of horizon- 
tal tails sized for each wing, a wedge center vertical tail, a set of fuselage- 
mounted twin vertical tails, a flow-through body-mounted nacelle, and a set of 
flow-through wing-mounted nacelles. Estimates from hypersonic impact theory 
and supersonic linearized theory are presented €or several of the test configu- 
rations without nacelles. The following conclusions can be drawn from this 
study: 

1. The method of analysis which applied tangent-cone empirical theory to 
the fuselage and tangent-wedge theory to the wing, horizontal tail, and verti- 
cal tail provided very good overall agreement with data, but the estimates of 
the aerodynamics of the individual components were often significantly differ- 
ent from the data. 

2. The tangent-cone empirical theory applied to all configuration compo- 
nents provided generally poor estimates. The estimates from first-order super- 
sonic linearized theory were also poor, the only areas of good agreement being 
for lift coefficient and drag coefficient at low angles of attack. 

3. Both the wedge center vertical tail and the body-mounted twin vertical 
tails provided lateral-directional stability in the test range of Mach number 
and angle of attack. However, the body-mounted twin vertical tails provided 
more uniform lateral-directional characteristics with angle of attack than the 
wedge center vertical tail. 

4. The maximum lift-drag ratio of the configuration with the center verti- 
cal tail was approximately equal to or greater than that of the same configura- 
tion with the twin vertical tails. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
October 3 , 1980 
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APPENDIX 

EVALUATION OF TWO SUPERSONIC LINEARIZED THEORY METHODS 

One method of supersonic flow analysis for arbitrary shapes consists of 
three independent computer codes based on references 9, 10, and 11. Specifi- 
cally, the three programs are a zero-lift far-field wave drag analysis which 
combines the supersonic area rule with slender-body theory (ref. 9), a zero 
volume lift analysis method (ref. lo), and an empirical skin friction calcu- 
lation (ref. 11). Each program provides a portion of the drag estimate (see 
fig. 14(a)), while the total lift and pitching-moment estimates are calculated 
in the lift analysis code. (The lift and pitching-moment increments due to 
vertical surfaces are not calculated.) This same methodology is the basis for 
the integrated program of references 6, 7 ,  and 8, which is referred to as the 
Boeing program. The zero-lift far-field wave drag code and the empirical skin 
friction code are essentially those of the first method, but the Boeing program 
provides several advantages over the independent lift analysis code. These 
advantages are internal generation of a wing-body/horizontal-tail camber sur- 
face, lifting analysis of an equivalent circular fuselage using slender-body 
theory, optional fuselage buoyancy field for low- or high-wing configurations, 
optional application o f  an upper surface pressure limit, and a zero-lift near- 
field wave drag analysis which provides the thickness pressures required for 
pressure limiting. 

Figure 31 presents a comparison of data for the BW1H1VC configuration and 
theory from both the independent (curve A) and Boeing programs. Boeing program 
estimates are shown for several different methods of input. The first Boeing 
program estimate (curve B) is for the camber surface input required by the inde- 
pendent lift analysis code. These two linear theory estimates agree with each 
other and with the data except for the more negative prediction of pitching 
moment. The reason for the disparity in the pitching-moment estimates from the 
two programs is not known. An improved estimate should be obtained with an 
actual surface input (curve C), since the modeling of the fuselage allows body 
volume effects to be assessed. However, the figure shows that these results are 
substantially worse than those obtained from a camber surface input. The reason 
for this discrepancy was found to be due to configuration planform changes which 
occur when the arbitrary fuselage is converted to an equivalent circular fuse- 
lage for slender-body analysis. This conversion occurs internally in the Boeing 
lift analysis code and is not readily apparent to the user. However, signif- 
icant planform changes can occur for arbitrary fuselage cross sections as is 
shown in figure 32. A means of alleviating this problem is to modify the wing 
input so that it accurately models the actual fuselage-wing planform. The 
Boeing program estimate utilizing the actual surface input with a modified wing 
(curve D) is shown in figure 31. The lift and drag estimates are greatly 
improved, but the pitching-moment estimate is actually degraded. 

The estimates presented to this point have lacked one aspect of physical 
realism; specifically, linearized theory provides no limit on attainable expan- 
sion pressures. It is known that under certain Mach number and angle-of-attack 
combinations, the predicted upper surface pressures can actually be less than 
vacuum while the real flow generally does not expand beyond 70 to 80 percent of 
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APPENDIX 

vacuum. The nonlinear lift and pitching-moment estimates (curve E) in fig- 
ure 31 result because the calculated upper surface pressure coefficients must 
be greater than 
viously discussed. Aythough the pressure limited linear theory estimate of 
lift and drag does not agree with data as well as the unlimited case, the 
f l o w  behavior is physically more realistic. The disagreement with experiment 
is not unexpected since previous work (ref. 17)  has shown that linear theory 
also tends to underestimate the compression surface pressures at the higher 
Mach numbers and at high angles of attack. 

0.7C ,vat on the actual surface-modified wing input pre- 
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TABLE I.- GEOMETRIC CHARACTERISTICS OF THE WIND TUNNEL COMPONENTS r 
r 

Fuse lage  : 
Length. c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . . . .  78.92 (31.07) 
Maximum h e i g h t .  c m  ( i n . )  . . . . . . . . . . . . . . . . . . . .  4.11 (1.62) 
Maximum width.  c m  ( i n . )  . . . . . . . . . . . . . . . . . . . .  8.48 (3.34) 
F ineness  ra t io  of e q u i v a l e n t  round body . . . . . . . . . . . . . . .  14.20 
Planform area. c m 2  ( i n 2 )  . . . . . . . . . . . . . . . . . . .  471.87 (73.14) 
Wetted area: 

2 Without  components or base. c m 2  ( i n  ) . . . . . . . . . .  1150.97 (178.40) 
With W1. H15 VC on (no base )  . c m  ( i n 2 )  . . . . . . . . .  1116.51 (773.06) 

Base area. c m  ( i n 2 )  . . . . . . . . . . . . . . . . . . . . . .  15.42 (2.39) 

2 
w. : 

Planform area inc lud ing  t h e  f u s e l a g e  i n t e r c e p t .  c m 2  ( i n  ) . . 594.32 (92.12) 
2 Exposed planform area. cm2 ( i n  ) 

Wetted area. cm2 ( i n 2 )  . . . . . . . . . . . . . . . . . . .  841.68 (130.46) 
Span. c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . .  37.03 (14.58) 
A s p e c t r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.31 
R o o t  chord a t  f u s e l a g e  c e n t e r  l i n e .  c m  ( i n . )  . . . . . . . . .  26.04 (10.25) 
T i p  chord. c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . . .  6.07 (2.39) 
T o t a l  area mean aerodynamic chord.  c m  ( i n . )  . . . . . . . . . .  18.14 (7.14) 
Taper r a t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.23 
Leading-edge sweepback ang le .  deg . . . . . . . . . . . . . . . . . . .  55.0 
Tra i l ing-edge  sweepback angle .  deg . . . . . . . . . . . . . . . . . . .  20.0 
Dihedra l  ang le .  deg . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0 
Inc idence  angle .  deg . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0 
A i r f o i l  t h i c k n e s s  r a t i o  . . . . . . . . . . . . . . . . . . . . . . .  0.035 
Leading-edge r a d i u s .  c m  ( i n . )  . . . . . . . . . . . . . . . .  0.013 (0.005) 

. . . . . . . . . . . . . . .  408.39 (63.30) 

w2 : 
Planform area i n c l  
Exposed planform a 
Wetted area. c m 2  ( 

. uding t h e  f u s e l a g e  i n t e r c e p t .  c m 2  ( i n 2 )  . . 310.32 (48.10) 

.rea. c m 2  ( i n 2 )  
i n 2 )  . . . . . . . . . . . . . . . . . . . .  357.23 (55.37) 

. . . . . . . . . . . . . . .  177.87 (27.57) 

Span. c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . . . . .  
Aspect r a t io  . . . . . . . . . . . . . . . . . . . . . . . . .  
R o o t  chord a t  f u s e l a g e  c e n t e r l i n e .  c m  ( i n . )  . . . . . . . . .  
T i p  chord. c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . .  
T o t a l  area mean aerodynamic chord l  c m  ( i n . )  . . . . . . . . .  
Taper r a t io  . . . . . . . . . . . . . . . . . . . . . . . . .  
Leading-edge sweepback ang le .  deg . . . . . . . . . . . . . .  
Trai l ing-edge  sweepback angle .  deg . . . . . . . . . . . . . .  
Dihedra l  ang le .  deg . . . . . . . . . . . . . . . . . . . . .  
Inc idence  angle .  deg . . . . . . . . . . . . . . . . . . . . .  
A i r f o i l  t h i c k n e s s  ra t io  . . . . . . . . . . . . . . . . . . .  
Leading-edge r ad ius .  c m  ( i n . )  . . . . . . . . . . . . . . . .  

26.77 (10.54) . . . . .  2.31 . 18.80 (7.40) . 4.39 (7.73) . 13.08 (5.15) . . . . .  0.23 . . . . .  55.0 . . . . .  20.0 
. . . . .  0.0 . . . . .  0.0 . . . .  0.035 
0.013 (0.005) 
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TABLE I.- Continued 

H i  : 
Exposed planform area. c m 2  ( i n 2 )  . . 
Wetted area. c m 2  ( i n 2 )  . . . . . . .  
Span. c m  ( i n . )  . . . . . . . . . . .  
R o o t  chord a t  f u s e l a g e  i n t e r s e c t i o n .  
T i p  chord. c m  ( i n . )  . . . . . . . .  
Taper ra t io  . . . . . . . . . . . .  
Leading-edge sweepback angle .  deg . 
Tra i l ing -edge  sweepback angle .  deg . 
Dihedra l  angle .  deg . . . . . . . .  
Inc idence  angle .  deg . . . . . . . .  
A i r f o i l  t h i c k n e s s  r a t io  . . . . . .  
Leading-edge r a d i u s .  c m  ( i n . )  . . .  

H2 : 
Exposed planform area. c m 2  ( i n  2 ) . . 
Wetted area. c m 2  ( i n 2 )  . . . . . . .  
Span. c m  ( i n . )  . . . . . . . . . . .  
R o o t  chord a t  f u s e l a g e  i n t e r s e c t i o n .  
T ip  chord. c m  ( i n . )  . . . . . . . .  
Taper r a t io  . . . . . . . . . . . .  
Leading-edge sweepback ang le .  deg . 
Tra i l ing -edge  sweepback angle .  deg . 
Dihedra l  ang le .  deg . . . . . . . .  
Inc idence  angle .  deg . . . . . . . .  
A i r f o i l  t h i c k n e s s  r a t io  . . . . . .  
Leading-edge r a d i u s .  c m  ( i n . )  . . .  

. . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  
c m  ( i n . )  . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  

. 59.03 (9.15) 
118.64 (18.39) . 14.27 (5.62) . 8.48 (3.34) . 3.91 (1.54) . . 0.46 . . . . .  55.0 . . . . .  20.0 . . . . .  9.0 . . . . .  0.0 . 0.040 

0.013 (0.005) 

. . . . . . . . . . . . . .  42.13 (6.53) . . . . . . . . . . . . .  86.19 (13.36) 
12.75 (5.02) 

c m  ( i n . )  . . . . . . . . .  7.26 (2.86) . . . . . . . . . . . . . .  3.51 (1.38) . . . . . 0.48 . . . . . . . . . . . . . . . . .  . 5  5.0 . . . . . . . . . . . . . . . . .  . 2  0.0 . . . . . . . . . . . . . . . . . .  9.0 . . . . . . . . . . . . . . . . . .  0.0 . . . . . . . . . . . . . . . . .  0.040 . . . . . . . . . . . . .  0.013 (0.005) 

. . . . . . . . . . . . . .  

Vc : 
Exposed p r o f i l e  area c m 2  ( i n 2 )  . . . . . . . . . . . . . . .  69.81 (10.82) 

141.23 (21.89) 
Maximum h e i g h t  above root chord. c m  ( i n . )  . . . . . . . . . . .  8.00 (3.15) 
R o o t  chord a t  f u s e l a g e  i n t e r s e c t i o n .  c m  ( i n . )  . . . . . . . . .  12.98 (5.11) 
T i p  chord. c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . . .  4.47 (1.76) 
Taper r a t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.34 
Leading-edge sweepback angle .  deg . . . . . . . . . . . . . . . . . . .  55.0 
Tra i l ing-edge  sweepback ang le .  deg . . . . . . . . . . . . . . . . . . .  20.0 
Leading-edge wedge angle .  deg . . . . . . . . . . . . . . . . . . . . .  6.0 
A i r f o i l  t h i c k n e s s  r a t io  . . . . . . . . . . . . . . . . . . . . . . .  0.105 
Leading-edge r a d i u s .  c m  ( i n . &  . . . . . . . . . . . . . . . .  0.013 (0.005) 
P r o j e c t e d  base  area. a n 2  ( i n  ) . . . . . . . . . . . . . . . . .  7.29 (1.13) 

Wetted area. c m 2  ( i n  1 ) . . . . . . . . . . . . . . . . . . . .  
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. 

TABLE I.- Concluded 

Vs : 
Exposed p r o f i l e  area (each)  cm2 ( i n 2 )  . . . . . . . . . . . .  
Maximum h e i g h t  above root chord. c m  ( i n . )  . . . . . . . . . .  
T i p  chord. c m  ( i n . )  . . . . . . . . . . . . . . . . . . . . .  

1 Wetted area ( b o t h ) .  c m 2  ( i n  ) . . . . . . . . . . . . . . . .  
R o o t  chord a t  f u s e l a g e  i n t e r s e c t i o n .  c m  ( i n . )  . . . . . . . .  
Taper ra t io  . . . . . . . . . . . . . . . . . . . . . . . . .  
Leading-edge sweepback angle .  deg . . . . . . . . . . . . . .  
Trai l ing-edge  sweepback angle .  deg . . . . . . . . . . . . . .  
Cast -out  a n g l e  measured from t h e  v e r t i c a l .  deg . . . . . . . .  
Toe-in ang le  measured from t h e  p l ane  of symmetry. deg . . . .  
A i r f o i l  t h i c k n e s s  ra t io  . . . . . . . . . . . . . . . . . . .  
Leading-edge r a d i u s .  c m  ( i n . )  . . . . . . . . . . . . . . . .  

. 44.65 (6.92) 
183.03 (28.37) . 6.73 (2.65) . 10.13 (3.99) . 2.84 (1.12) . . . . .  0.28 . . . . .  55.7 . . . . .  20.4 . . . . .  15.0 . . . . .  1.0 . . . .  0.030 
0.013 (0.005) 

N1 (bo th )  : 
2 E x t e r n a l  wetted area. a n 2  ( i n  ) . . . . . . . . . . . . . . .  519.68 (80.55) 

I n t e r n a l  wetted area. c m 2  ( i n 2 )  . . . . . . . . . . . . . . .  478.06 (74.10) 
P r o j e c t e d  i n l e t  area. c m 2  ( i n 2 )  . . . . . . . . . . . . . . . .  17.94 (2.78) 

Area of  wing covered by t h e  n a c e l l e s .  cA2 ( i n i )  . . . . . . .  173.16 (26.84) 
P r o j e c t e d  base area. c m 2  ( i n 2 )  . . . .  . .  . . . . . . . . .  1.87 (0.29) 

E x t e r n a l  wet ted  area. c m 2  ( i n 2 )  . . . . . . . . . . . . . . .  140.97 (21.85) 
I n t e r n a l  wet ted  area. c m 2  ( i n 2 )  . . . . . . . . . . . . . . .  171.94 (26.65) . . . . . . . . . . . . . . . .  6.65 (1.03) 

Area of  f u s e l a g e  covered by t h e  n a c e l l e .  cm’ ( i n 2 )  

P r o j e c t e d  i n l e t  area. c m 2  (is 2 ) 

P r o j e c t e d  base  area. c m 2  ( i n  ) . . . . . .  . . . . . . . . . .  2.26 (0.35) . . . . . .  62.06 (9.62) 
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TABLE 11.- FUSELAGE COORDINATES 

x/ 1 

. .. 

0 
.0858 
.1502 
.2146 
.2790 
.3434 
.4077 
.4721 
.5365 
.6009 
,6652 
.7296 
.7940 
.8584 
,8926 
.9227 
.9493 
.9742 

1 .o 

r upper / ' 
0 
.0123 
.0212 
.0306 
.0394 
.0467 
.0527 
.0572 
.0588 
.0586 
.0567 
.0525 
.0480 
.0473 
.0480 
.0472 
.0448 
.0415 
.0371 

rlower/' 

0 
.0189 
.0333 
.0483 
.0624 

.0821 

.0889 

.0923 

.0923 

.0883 

.0797 

.0658 

.0461 

.0389 

.0355 

.0332 

.0319 

.0307 

0741 

z upper/' 
a t  y = O  

0.0325 
.0358 
.0383 
.0408 
.0433 
.0458 
.0483 
.0505 
.0518 
.0520 
.0520 
.0520 
.0520 
.0520 
.0520 
.0520 
.0520 
.0520 
.0520 

~ 

lower/' 
at y = O  

0.0325 
.0204 
.0132 
.0078 
.0040 
.0020 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 

~~ 

~ 

0 
.0122 
.0209 
.0296 
.0373 
.0438 
.0486 
.0521 
.0536 
.0536 
.0523 
.0494 
.0447 
.0386 
.0362 
.0345 
.0330 
.0319 
.0307 

0.0325 
.0249 
.0206 
.0179 
.0164 
.0754 
.0159 
.0169 
.0172 
.0172 
.0172 
.0172 
.0175 
,0209 
.0248 
,0269 
,0298 
,031 9 
.0307 
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Figure 1.- Photographs of wind tunnel models. 
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Figure 2.- Three-view drawings of configurations. 
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Figure 6.- Continued. 
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Figure 15.- Computer-generated drawing of BW1H1VC configuration. 
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Figure 17.- Continued. 
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